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TURBOJET THRUST AUGMENTATION BY EVAPORATION OF
WATER PRIOR TO MECHANICAL COMPRESSION AS
DETERMINED BY USE OF PSYCHROMETRIC CHART

By E. Clinton Wilcox

SUMMARY

The thrust aungmentation of a turbojet engline resulting from
the evaporation of water prior to mechanical compression was invee
tigated over a range of flight Mach numbers, altitudes, ambient
temperatures, and amblent relative humidities. The amount of cool-
ing obtained by evaporation of the water was determined by msans
of a specially prepared psychrometric chart having total pressure
as a varleble. Both the augmented and normal engine psrformance
were then evaluated for the various operating conditions by means
of a generalized analysis of turbojet-engline performancs.

The amount of thrust augmentatlion possible from compressor-
Inlet-alr saturation increased wilth an increase in flight Mech
number and decreased as the altitude was increased. For exam-
ple, for en inlet-diffuser’ efficlency of 0.8, increasing the sea-
level flight Mach number from O to 1.75 inoreased the ratio of
augmented to normal thrust from 1.03 to 1.92. For a flight Mach
number of 1.75, increasing the altitude from sea level to
35,332 feet reduced the ratio of augmented to normal thrust from
1.92 to 1.31.

INTRODUCTION

When water- 1s inJjected into the compressor inlet of a turbo-
Jet englne, the evaporative cooling obtained results in increased
engine thrust at the expense of Increased liquid consumption. An
analysis of the evaporative-cooling process and the attendant
thrust augmentation can be conveniently divided into two phases:
(1) cooling occurring at constant pressure before the air enters
the compressor, and (2) the additional cooling associlated with
further evaporation of water during the mechanical-compression
process. An analysis of evaporation that occurs during mechanical
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compression after saturatlion of the inlet air and the thrust aug-
mentation produced by the injection of sufficlent water at the
compressor inlet to saturate the compressor-outlet air is
reported in reference 1.

An analysis of the constant-pressure evaporation upstream of
the compressor and the attendant thrust augmentatlion was made at
the NAGA Iswis laboratory. A specialized psychrametric chart that
permits calculation of the temperature resulting from the evapo-
ration of water upstream of the compressor 1s presented. This
psychrometric chart differs from the usual form, which is valid
for one pressure only, in that the temperature range has been
greatly extended and pressure is included as a variable. Also
presented is a method for calculating turbojet-engine perform-
ance over a range of altitudes and flight Mach numbers from date
obtained at any given flight condition. For purposes of illus-
tration, this generalized performance analysis 1s appllied only in
the case of data obtained at sea-level, zero Mach number conditlons.
The psychromebtric chart and the generalized performance analysis
wore ugsed to calculate the thrust augmentatlion resulting from
water evaporation prior to compression for a typlcal turbojet
engine operating over a range of flight Mach numbers from O to
1.75 at altitudes of sea level and 35,332 feet. Also.investl-
gated were the effects of variation in iInlet-air temperature and
atmospheric humidity on thrust augmentation produced at sea-level,
zero flight Mach number conditions.

ANALYSIS

In evaluating the effect of compressor-inlet-air saturation
on engine psrformance,- both the cooling dus to the evaporatlion of
water end the effect of the resuliing decreased lnlet temperature
on engine performence must be determined. The amount of cooling
obtained was determined by means of the psychromstric chart pre-
gented herein. The effect of the reduced inlet-slr temperatures
on englne performance could be determined from & conventlonal
thermodynamic analysis of the performance of the various engine
components by using assumed camponent efficiencies, as lllustrated
in reference 1. In the present investlgation, however, the deter-
mination of englne performance at various inlet-alr temperatures
is based on a generalized method of pregentation of turbojet-engine
porformance in terms of the pumping characterlstics of the engins.
(See reference 2.) By means of this analysis, it is possible to
describe both the augmented and normal engine performance over a
range of flight Mach numbers end eltlitudes from data obtained
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at sea-level, zero Mach number conditions. In order to indicate
the thrust augmentation possible from saturation of the campressor-
inlet air with water for a range of flight conditions, this gen-
eralized analysis is applied to performance data for a typleal,
current axial-flow turbojet engine.

Psychrometric Chert

The famllliar psychrometric chart used in air-conditioning
calculations 1is usually limited to standard sea-level total pres-
sure and to temperatures less than 300° F. With changes in flight
conditions, the pressures and the temperatures at the compressor
inlet of a turbojet englne vary widely over ranges not included

in the usual psychrometric chart; a chart was therefore constructed

to Include these ranges of pressure and temperature.

In deriving the psychrometric chert, the following assump-
tions were made:

(a) The air and water vapor are always at the same tempsrature.

(b) Dalton's law of partial pressures is valid.
(¢) The temperature of the injected liquid water is 518.4° R.

(&) The thermodynamic properties of the water vapor are func-
tions only of temperature for the range of vapor pressure
considered.

By means of these assumptions, the theory of mixtures, and
data for the thermodynemic properties of alr and water vapor
(references 3 and 4, respectively), a psychrometric chart was con-
structed with pressure as a variable and for temperatures up to
1500° R. The symbols used in the derivation of the chart are
defined in appendix A; the details and the required equations are
presented in appendix B.

Generallized Performance Anal}sis

.When the compressor, burner, and turbine cambination of a
turbojet engine 1s considered &s a pump and performance data are
presented in terms of the pressure and temperature incresses pro-
duced by this pump, it is possible to predict engine performance
over a range of flight Mach numbers and altitudes from data
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obtained at sea-level, zero flight Mach number conditions and from
a knowledge of the inlet-diffuser and exhaust-nozzle performence.
The engine pressure ratio is defined as the ratio of turbine-
outlet total pressure to compressor-inlet total pressure; the
engine temperature ratio is defined as the ratio of turbine-outlet
total temperature to compressor-inlet total temperature. Air
flow, fuel flow, and engine pressure ratio are functions only of
the engine temperature ratio and the engine speed for given engine-
inlet conditions of temperature and pressure. The thrust and the
fuel consumption can therefore be determined for a range of flight
Mach numbers and altitudes from a knowledge of the desired flight
conditions and consequent engine-inlet temperabure and pressure
and an assumed engine speed and turbins-outlet temperature.

Tnasmuch as operation at rated engine speed at low inlet-alr
temperatures involves corrected engine speeds that could not be
simuleted at normal sea-level temperatures without dangerously
overspeeding the engine, the minimum flight Mach number for which
performance can be obtained by means of the generalized performe-
ance analysis is dependent on the altlitude. At any altitude, the
minimm £1light Mach number is that for which the compressor-inlet
total temperature is equal to the compressor-inlet total tempera-
ture for the sea-level, zero flight Mach number investigations.
For data obtained at standard sea-level temperature, the minimum
£light Mach number increases from 0.6 at an altitude of 10,000 feet
to 1.25 at 35,332 feet. This minimum flight Mach number limita-
tion could be avoided by using data for which refrigerated inlet-
alr was supplied to the engine.

The accuracy of the generallzed psrformance analysis when used
in calculating performence at varlious altitudes 1s dependent on
the degree to which the familiar corrected engine performance
parameters can be generalized for various altitudes. The great-
est errors involved probebly occur in fuel consumption, where the
combustion efficiency changes markedly with altitude. Changes in
component efficiencies resulting from changes in flight Mach num-
ber are accounted for by this method of analysis.

The detalls of the generalized performance analysis and the
performance obtalned for a typlcal engine ars presented in appen-
dix C. A discussion of other applications of the pumping char-
acteristics of turbojet engines is presented 1n reference 2.

1285
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Auvgnentation Calculations

By use of the psychrometric chart to evaluate cooling due to
evaporation of water and the generalized performance analysis to
obtain normel end augmented engine performance, the thrust aug-
mentation resulting from water evaporatldn before compression was
determined for a typical turbojet engine. The curves presented
are for constant engine spsed and turbine-outlet temperature and
require that the engine be equipped with a variable-area exhaust
nozzle.

No account was taken of the effect of the change in thermo-
dynamic propertles of the working fluld produced by the addition
of water vapor on the performence curves for the engine. IExperi-
mental results indicate that water content does have some effect
on these curves; however, the effect 1is relatively slight and no
campletely satisfactory method has, as yet, been devised to
account for 1t. ’ N

RESULTS AND DISCUSSION
Paychrcometrlic Chart

In the psychrometric chart presented in figure 1, total
enthalpy H 1s plotted against dry-buld temperature + for vari-
ous values of weter-alr ratio X. Also included are curves of the
ratio of relative humidity to relative pressure ®/5, where rela-
tive pressure © 1s defined as the ratio of statlic pressure to
standard sea-level static pressure. Inasmuch as evaporation
occurs at constant pressure, the value of & 1s unchanged by
water injection. The curves of constant water-air ratio X are
approximately straight lines having a positive slops, and the
curves of constant ratio of relative humidity to relative pres-
sure CP/S are curved upweard. The dlstance between the lines of
constant water-alr ratio decreases as the water-elr ratio increases.
The enthalpy scale was arbltrarily chosen such that the enthalpy
of a saturated mixture of air and water vapor at a temperaturs

- of 518.4° R and a pressure of 14.696 pounds per square lnch was

100 Btu per pound of air.

The temperature resulting after water evaporation may be
obtained from figure 1 for a wlde range of 1nitlal alr tempera-
tures and pressures. The tempsrature can be found either for the
evaporation of & glven amount of water or for any final relative
humidity. The method of using the chart is indicated by the fol-
lowing illustrative cases; ‘
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Exeample glz. - For initially dry alr at a temperature of
12609 R agsume that sufficlent water is injected to gilve a final
water-air ratio of 0.05. From figure 1, the total enthalpy is
271.6 Btu per pound of air for a temperature of 1260° R and a
water-air ratio of 0. Inasmuch as evaporation ocours at constant
total enthalpy, the temperature afiter evaporation cen be found
from the initial total enthalpy and the final water-air ratio.
For a total enthalpy of 271.6 Btu per pound of alr and a water-
air ratio of 0.05, the temperature is 1008° R. The temperature
drop is then 2520 for these perticular conditions.

Exsmple !22. - In order to 1llustrate the use of the chart
in obtaining the temperature and the water-air ratlo necessary to
saturate air from a given set of initial conditlions, initially dry
air at e temperature of 1060° R and at twice standard sea-level
gtatlic pressure is assumed. The enthalpy corresponding to a tem-
perature of 1060° R and a water-air ratio of O is 221.0 Btu per pound
of air. The valus of relative humidity for saturation 1s 1.0 and
for these conditions the value of ® 1s 2.0. The temperature and
water-air ratios are 614° R and 0.0995, respectively, at an
enthalpy of 221.0 Btu per pound of air and a value of @®/8 of 0.5.
For these conditions, the initial mixture may be cooled 446° by
injecting 0.0995 pound of water per pound of ailr,

Example (3). - The use of the chart in obtalning temperatures
resulting from water evaporation when some water is initially
present in the alr is the same as that previously described,
oxcopt that the starting enthalpy is found from the initlal water-
air ratio and temperature. For example, for the conditions of
temperature apd pressure in example (2) and an initial water-air
ratio of 0.02, the initial enthalpy 1s 247.0 Btu per pound of air.
The saturation temperature for an enthalpy of 247.0 Btu per pound
and a value of @/8 of 0.5 is 620° R and the weter-air ratio
required is 0.122, For these condlitions, cooling the 1nltial mix=-
ture 440° is therefore possible by evaporating 0.102 pound of water

per pourd of alr,

The effect of initial temperature and pressure on the amount
of cooling possible from saturation can be readlly seen from fig-
ure 1. For a constant pressure and consequent constant value of
?/8 (P=1), the amount of cooling possible increases as the
initial temperature 1s ralsed. For a constant temperature,
increaesing the pressure decreases the value of Cp/a, and from
figure 1 decreasing the value of ®/8 1s seen to decrease the
amount of cooling obtained. In general, when water is inlitlally
present, the cooling possible from saturation ls somewhat less
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than for dry alr, and the amount of water that must be injected to
obtaln saturation may be elther somewhat greater or less, depending
on the initilal conditions,

In the comstruction of figure 1, 1t has been assumed that the
enthalpy of liquid water 1s zero at 518.4° R and that the water
injected for cooling is at thls temperature. For water at tempera-
tures only slightly different from 518.4° R, the errors in tempera-
ture and water-air ratio involved will be negligible; in extreme
cases, however, the error in the amount of water required for a-
glven amount of cooling may become appreciable. For example, fig-
ure 1 indicates that initlally dry air at a temperature of 910° R
and standard sea-level pressure may be cooled 3330 by saturation
with water. The water-alr ratio required as Indicated by figure 1
is 0.075. For water injected at 618.4° R rather than 518.4° R,
the amount of cooling possible, as determined by the method dis-
cussed in appendix B, would be 331°; the required water-alr ratio
would be 0.081. For temperatures of InjJected water less than
518.4° R, the chart would predict slightly less cooling than
actually possible and somewhat greater water-alr ratios than
actually necessary., For partial saturation, these differences
would be reduced.

Generalized Performence Analysils

The curves necessary for predicting performance at various
£light Mach numbers and altitudes from experimental data obtained
at sea~level, zero Mach number conditions are presented in fig-
ure 2, These curves were obtained from the performance of a cur-
rent turbojet engine having an axial-flow ccmpressor and develop-
ing 4000 pounds thrust at sea-level, zero Mach number conditions.

The method of obtalning these curves from the wsual turbojet-
engine performance quantities 1s presented In appendix C.

In figure 2(a) the englne pressure ratio P;/P;, the ratio
of total pressure &t turbine outlet to total pressure at compressor:
inlet, 1s shown as & function of inlet-temperature factor 6(7700/N)%
for verious values of the factor (T7/1660)(7700/N)2. The term @
1s defined as the ratio of compressor-inlet total temperature to
standard sea-level static temperature, N is the engine speed,
T7 1s the turblne-outlet total temperature, and the comstants 7700
and 1660 are rated engine speed and rated turbine-outlet total
temperature, respectively, for the particular engine considered.
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The factor 6(7700/N)2 is reedily obtainsble from the more famil-
iar corrected-engine speed N/A/6. (The term 7700 is included to
allow the abscissa of figure 2 to be read directly in terms of 6
for the condition of rated engine speed.) Curves are included for
values of (T7/1660)(7700/N)2 of 0.9, 1.0, and 1.1, All con-
ditions for which the engine 1s operating at rated turbine-outlet
temperature and rated engine spesed are presented by the curve for
which the value of (T7/1660)(7700/8)2 4s 1.0. Operating con-
ditions other than deslign speed and turbine-outlet temperature

are represented by the curves for which the value of
(T;/1660)(7700/8)2 1is different from 1.0. It cen be seen from
figure 2(a) that for a constant value of (T;/1660)(7700/K)2, the
engine pressure ratio decreases as 6 1increases; hence, the
engine pressure ratlo decreases as the flight Mach number 1s
increagsed and increases as the altitude 1s Increased.

In figures 2(b) and 2(c), the engine total-gas-flow fac-
tor (Wg/8)(N/7700) and fuel-flow factor (We/8)(7700/W), respec-
tively, are shown as functlons of the inlet-temperature fac-
tor 6(7700/W)2 for various values of the factor (T,/1660)(7700/m)2.
The gas-flow factor (W,/5)(IN/7700) 1s obtained by teking the sum
of the air flow and the fuel flow and correcting the sum 1n the
same manner as alr flow. Beocause alr flow and the fuel flow
should not actually be corrected in the same manner, this factor
is & somswhat inaccurate measure of the corrected total gas flow;
however, fusl flow is a small part of the total gas flow and no
gerious lnaccuracy is thus Involved.

The gas-flow and fuel-flow factors (figs. 2(b) and 2(c)) can
be readlly obtalned from the more famillar corrected alir-flow and
fuel-flow parameters wal\/?/s and Wp/(5V0), respectively. In
obtaining performance data at high flight speeds, the effect of
varying inlet condlitions for constant engine speed and turblne-
outlet temperature must be determined; in figure 2, the usual
performance parameters have therefore been so altered that the
Inlet-temperature paremeter 6 becomes the primary varlable and
the engine speed N, the correction parameter.

In order to simplify the computatlions of performance at vari-
ous flight Mach numbers by means of the generalized performance
analysls, curves of iInlet-diffuser and exhaust-nozzle performance
are presented In figures 3 and 4, respectively. The inlet-diffuser
pressure ratio 8/50 for various values of diffuser adiabatic
efficiency is shown in figure 3(a) as a function of Flight Mach
number. The Inlet-diffuser temperature ratio 6/90, which is



WACA TN 2105 9

independent of diffuser efficiency, is shown as a function of
£1ight Mach number in figure 3(b). The terms 8p and 6y have
been included in figure 3 in order to generalize the curves for
all altitudes. '

The effective exhaust-Jet veloclty Vj 1660/T; 1s shown as
a function of exhaust-nozzle pressure ratio P7/pg for verious
values of exhaust-nozzle adlabatic efficiency in figure 4. The
constant 1660 has been introduced 1n order to allow the curves of
figure 4 to be read directly in terms of Jet veloclity for a
turbine-outlet temperature of 1660° R, which is the normal value
for the engine used to 1llustrate the generalized performence
analysis. The curves of figure 4 are for a simple convergent-
type nozzle and Include the thrust contribution of the excess
pressure at the nozzle throat.

The method of using the curves of figures 2 to 4 to obtain
engine performence is illustrated by means of the following
example ; .

Aggume that the engine 1s operating at an engine speed of
7700 rpm and that the exhaust-nozzle area is variable so that &
turbine-outlet temperature of 1660° R can be maintained. Further
agssume that performance at a sea-level Mach number of 1.0 1s
desired and that the englne 1s equipped with an Inlet diffuser
and an exhaust nozzle having adiabatic effliciencles of 0.85 and
0.96, respectively, at these conditions. The performance can then
be evaluated by the followlng steps:

1. For sea level (8g =1, 6g = 1) at a flight Mach number
of 1.0 and a diffuser adiabatlc efficiency of 0.85, the total-
pressure ratlo across the inlet diffuser 8/80 from figure 3(a)
is 1.74. .

2. For the seame conditions, the inlet-diffuser total-temperature
ratio 6/6p from figure 3(b) is 1.2.

3. For an englne speed of 7700 rpm, a turbine-outlet tempera-
ture of 1660° R, and & value of 6 of 1.2, the following quanti-
tles can be determined from figute 2: englne pressure ratio P;/P;
1s 1.496 (fig. 2(a)); gas-flow factor (W./8)(N/7700) 1s 60.8
(f1g. 2(b)); and the fuel-flow factor (Wp/8)(7700/N) 1s 0.870

(fig.. 2(c)).

4. The total gas flow Wg and the fuel flow Wp are found,
from the value of 3 and the corrected gas-flow and fuel-flow fac-
tors, to be 105.6 and 1.514 pounds per second, respectively.
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5. The exhaust-nozzle pressure ratio P;/pg 1s obtained from
the product of the diffuser pressure ratlo 8/60 and the englne
pressure ratio P;/P;; the value of P;/py 1s found to be 2.603.

6. For the given values of exhaust-nozzle efficlency 1,
turbine~outlet temperature T;, and the calculated exhaust-nozzle
pressure ratio P7/po, the effective Jet veloclity VJ ig found,
from figure 4, to be 2180 feet per second.

7. For a sea-level flight Mach number of 1.0, the flight
veloclty Vo 1is 1117 feet per second. '

8. By using the Jet velocity V,j s the flight velocity TV,
the gas flow Wy, and the fuel flow Wp, the net thrust F of
the engine 1s found from equation (Cl) of appendix C to be
3538 pounds.

9. 'The specific fuel consumption 1s, from the thrust and the
fusl flow, 1.541 pounds per hour per pound of thrust.

Augmentation Celculatlons

By using the psychrometric chart (fig. 1) to evaluate inlet
temperatures for saturation and the previously described general-
i1zed performance analysis to evaluate both normal and augmented
engine performance, the thrust augmentation resulting from
compressor-lnlet saturation was determined for the engine dlscussed
herein. In all cases it was assumed that the engine speed and the
turbine-outlet temperature were melntained at the rated values.

It was also agsumed that the inlet alr was diffused to & sufficlently
low velocity such that the static tempsrature dld not differ

"appreciably from the total temperaturs at the compressor inlet.

The auvgmented-thrust ratio as a function of Fflight Mach num-
ber for values of inlet~diffuser adiabatic efficiency of 0.6, 0.8,
and 1.0 and -for altitudes of sea level and 35,332 feet 1s shown in
figure 5. In calculating the data presented 1n figure S5, the atmos-
pheric relative humidity wes assumed to be 0.50 and, for each con-
dition, sufficient wabter was assumed to be injected at the com-
pressor Inlet to saturate the ailr at this point.

Increasing the flight Mach number Iincrsases the augmented-
thrust ratio (fig. 5). For sea-level altitude and an inlet-diffuser
adlabatic efficlency of 0.8, the augmented-thrust ratio increases
from 1.03 at a £1ight Mach number of O to 1.92 at a flight Mach
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number of 1.75. The Increased thrust augmentation at increased
flight Mach mumbers is a result of the greater amount of cooling
rossible at high inlet temperatures. For a flight Mach number
of 1.75 and diffuser adiabatic efficiency of 0.8, increasing the
altitude from sea level to 35,332 feet- decreases the augmented-
thrust ratio from 1.92 to 1.31l. This decreased augmented-thrust
ratlo at the higher altitude 1s a result of the decreased cooling
possible at the low temperatures associated with high altitudes.
Although the actual augmented thrust will be lower for lower
values of inlet-diffuser efficiency, the augmented-thrust ratio
increases for lowered values of diffuser efficiency because of
the decreased performence of the normal engine.

The top curves of figure S5 give the augmented-liquid ratio
corresponding to the augmented-thrust ratios shown in the lower
curves. The total liguld consumption for the augmented engins
includes both fuel and injected water, whereas that of the normal
engine 1s for fuel alome. The augmented-liguld ratio increases
rapidly as the flight Mach number is increased and decreases as
the altitude 1s increased from sea level to 35,332 feet. For
example, Increasing the sea-level flight Mach number from O to
1.75 for a diffuser efficiency of 0.8 results 'in an increase in
avgmented~liguid ratio from 1.15 to 7.6. The increased liquid
consumptions at increased flight Mach numbers and the decreased
liquid consumption at high altitudes are a result of the effect
of inlet temperature on the amount of water that may be evaporated,
ag was previously mentioned, The augmented-liquid ratio 1s some-
what higher for lower diffuser efficiencies because the decreased
pressures at the compressor inlet allow .the evaporation of more
water.,

The curves presented assume complete evaporation of the
injected water prior to mechanical compression; however, the val-
uss of thrust augmentation shown would not be greatly influenced
by incamplete evaporation, inasmuch ag the water would later
eveporate In the compressor.

The effect of atmospheric relative humidity on the augmented-
thrust ratio is shown In figure 6. The augmented-thrust ratio is
shovn as a function of flight Mach number for values of atmos-
pheric relative humldity of 0, 0.50, and 1.00. These curves are
for sea-level altlitude and an inlet-diffuser efficiency of 0.8.
The relative humidity of the atmosphere has a small effect on
the augmented-thrust ratio, with the greatest effect occurring
at low f£light Mach numbers. A change in atmospheric relative
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humidity from O to 1.00 changes the augmented-thrust ratio from
1.07 to 1.00 at a flight Mach number of O and from 1.95 to 1.90

for a £flight Mach number of 1.75.

The thrust augmentatlon at standard sea-level, zero Mach num-
ber conditions is very low, as indicated in figure 5. The data
of figure 5 are for an atmospheric temperature of 59° F; for tem-
peratures greater than 59° ¥, however, more water cen be evaporated
and the thrust lncrease will be greater.

This effect is indicated in figure 7, wherein the augmented-
thrust ratio is shown as a function of inlet temperature for vari-
ous values of atmospheric relative humidity at standard sea-level
pressure and zero flight Mach number. For an atmospheric rela-
tive humidity of 1.00, no thrust increase can be obtained, inas- °
much as no evaporative cooling is possible; for approxjmately dry
air, however, appreciable gains in thrust are possible, with
higher temperatures resulting in higher thrust increases., For
example, at a temperature of 120° ¥, the augmented-thrust ratio
for an atmospheric relative humidity of O 1is 1.21 as campared
with 1.07 at a temperature of 59° F. Although the augmented-
thrust ratio is greater at increased temperatures, the actual
thrust will be lowered because of the marked decrease in normal
thrust at the lower corrected engine speeds accompanying the
increased temperatures.

SUMMARY OF RESULTS

The following results were obtalned from an investigation
of the thrust augmentation of turbojet engines by the injection
of sufficilent water at the compressor inlet to saturate the
campressor-Inlet alr:

1. The augmented-thrust ratio theoretically possible Ifram
campresgor-inlet saturation increased rapidly as the flight Mach
number was Increased and decreased as the altitude was lncreased.
For. an atmospheric relative humidity of 0.50 and an Iinlet-diffuser
adiabatic efficiency of 0.8, increasing the sea-level flight Mach
number from O to 1.75 increased the augmented-thrust ratio fram
1.03 to 1.92. .The augmented-liquid ratio for the 1.75 Mach number
condition was 7.6. For a flight Mach number of* 1.75, increasing
the altitude from sea level to 35,332 feet reduced the augmented-
thrust ratioc from 1.92 to 1.31.

- e e © —— -
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2, For standard atmospheric temperatures, the relative humid-
1ty of the atmosphere had a small effect on the augmented-thrust
ratio produced by compressor-inlet saturation at all flight
speeds.

3. For sea-level, zero Mach number conditions and low atmos-
pheric relative humidities, the augmented-thrust ratio lncreased
as the inlet-air tempsrature was lncreased. For high atmospheric
relative humidities the effect of inlet temperature was very small.

Lewls Flight Propulsion Laboratory,
National Advisory Committee for Aeronasutics,
Cleveland, Ohlo, December 2z, 1949.
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APPENDIX A

SYMBOLS

The following symbols are used in this report:

net thrust, 1b

acceleration dus to gravity, ft/sec?

total enthalpy of air and water vapor, Btu/lb-air
enthalpy, Btu/lb

£light Mach number

engine speed, rpm

total pressure, 1lb/sq in.

static or partial pressure, 1b/sq in.

sum of partial pressures of air and wa.tér vapor, 1b/sg in.
partial pressure of water vapor at saturation, 1b/sq in.
gas constant, ft-lb/(lb)(QR) g

total temperature, °R

static temperature, °R

velocity, £t /sec

specific volume, cu £t/1b

weight flow, ]:b/seo

water-air ratio, IS/Ib

ratlo of specific heats

ratio of campressor-inlet total pressure to standerd sea-
level static pressure, P;/14.696
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5q " ratio of ambient static presgure to standard sea-level
statlc pressure, py/14.696

Tn exhaust-nozzle adiabatic efficiency

e ratio of compressor-inlet total temperature to standard
sea-lovel static temperature, T1/518.4

60 ratlo of ambient statlc temperature to standard sea.-level
static temperature, %,/518.4

p density, 1b/cu £t

Y relative humidity, Pv/Pv,s

Subscripts:

8 air

b conditions before evaporation

c conditions after evaporation

f fuel

g total gas (air plus fuel plus water)

1 liquid water

J exhaust Jot

v water vapor

0 free-stream conditions

1 compressor-inlet condlitlons

7 turbine-outlet conditions

e e ey o e e e
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APPENDIX B

DERIVATION OF PSYCHROMETRIC CHART

The equatlons necessary for obtaining a psychrometric chart
having total pressure as a variable may be derived 1n the follow-
ing mamer:

From the gensral energy equation, the enthalpy of a mixture
of air and water per pound of alr is

by p + Xphy,p + (Fo~Xp) By = By o + Xchy o (81)

The enthalpy of liguid water is small compared to the
enthalpy of water vapor; by assuming that the water is Injected
at the temperature for which the enthalpy is zero, the effect of
liguid water may be neglected. For the present analysls 1t was
assumed that the enthalpy of liquid water was zero at 518.4° Rj
and the results are therefore accurate for water Injected at this
temperature, with very small errors resulting for water at a some-
what differont temperature. By assuming that the enthalpy of
liquid water is zero, equation (Bl) may be stated as

bo,b t Ty, p = Ba o+ LeBy e (82)

The total enthalpy H for condition b or c¢ 1s defined as

H= ha + XhT (Bs)
The water-air ratic X is evaluated as follows:
p T
A I B N (B4)

If the temperatures of the air and the vaporized water are
equal and Dalton's law of partial pressures is valid, equation (B4)
becomes

X = = (85),
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From the definitions of relative humidity, relative pres-
sure, and ges constant

P = Pv/Pv,g (BS)
3 = p;/14.696 ‘ (B7)
Ry = S (58)

Substituting equations (B6) to (B8) in equation (BS) glves

o Pyv,s
Ra 5 12.6% ‘

DyVy o Pv,s
(_tv) 1 - § .69

When water-air ratio X 1s replaced in equation (B3) by the value
as expressed in equation (B9), the expression for total enthalpy H
beconmes )

X = (B9)

o M™,s
. R Iy
"= ha + hv- a 5 14.696 (B10)
Bv\, .2 Pvs
ty & T4.696

‘The data presented in figure 1 were obtalned by means aof
equations (B9) and (BlO) and the thermodynamic data for air and
water vapor contained In references 3 and 4, respectively, For
convenlence, the enthalpy of the saturated mixture of air and
water vapor at a temperature of 518.4° R and a pressure of
14.696 pounds per square Ilnch was arbltrarily fixed at
100 Btu per pound of air. In using eguation (Bl0), the enthalples
of the alr and water vapor obtalned from references 3 and 4,
respectively, must be altered in order to satiafy the conditions
of zero enthalpy of liquid water at 518.4° R and the condition
of an enthalpy of 100 Btu per pound of alr for a satwrated mix-
ture of air and water vapor at a temperature of 518,4° R and a
pregsure of 14.696 pounds per squars inch, The values of enthalpy
of water vapor must be decreased by 27.1 Btu per pound in order
to satlsfy the first condition and the enthalpy of air must be
Increased by 60.25 Btu per pound in order to satisfy the ssecond
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condition, The injectlon of water at a temperature other than
518.4° R would simply alter the walues of enthalpy of water vapor
and thereby change the total enthalpy of the mixture for a given
temperature.

The enthalpy end the specific volume of water vepor are func~
tions of the vapor pressure of water as well as the temperature.
In the range of temperatures and pressures encountered at the com-
pressor inlet of a turbojet engine, however, the enthalpy of
water vapor and the product of wvapor pressure and specific volume
can be considered as functlons only of temperature for all prac-
tical purposes. For any value of temperature, the enthalpy and
the specific volume were evaluated for the maximum pressure that
would exist for that temperature at the compressor inlet of a
turbojet engine. This maximum pressure ls the pressure that would
be obtained by ldeal ram compression from standard sea-level tem-
porature and pressure to the desired temperatwure.
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APPENDIX C

DEVELOPMENT OF GENERALIZED PERFORMANCE ANALYSIS

The usual method of senting turboJet-engine data is to
show corrected thrust F corrected air flow W,\/6/5, cor-
rected fuel flow We/(d '\/_ 6), and corrected turbine-outlet tempera-
ture T,/0 as functions of corrected engine speed N/i/6. The
accuracy of the generalized performance analysls in calculating
performance for various altltudes 1s dependent on the degree to
which these engine performance parameters may be generalized for
various altitudes. Experimental results indicate that the thrust,
the air flow, and the turbine-outlet temperature gemsralize very
well for all altitudes, and that the greatest deviation may be
oxpected for fusl flow because of the variation of combustion
efficliency with altitude,

The effect of flight Mach mumber My camot be determined
nmerely by considering the variation in 6 and & produced by a
change in flight Mach number, because for a given corrected engine
speed the pressure and temperature ratios across the engine change
with changes in flight Mach number. By operating the engine at
sea-level, zero Mach number conditlions over a range of enginmse
speeds and with several different exhaust-nozzle areas, it is pos-
sible to wvary the engine temperature and pressure ratlos over a
range such as would be encountered by operation of the engine over
a wide range of flight condltions. The usual method of presenting
turbojet-engine data is to consider engine speed the primary vari-
able and inlet temperature and pressure as corrsction factors.
Because turboJjet engines are usually operated very close to rated
engine speed, the familiaer performance parameters have been
altered herein to make inlet temperature the primary variable and
engine speed and inlet pressure the correction factors.

From the expression for net thrust developed by a turbojet
engins,

W o W.
F = f (V5=Tp) + ?f o (c1)

it can be seen that. in order to evaluate the net thrust at any
flight conditlion the gas flow through the engine, the fuel flow,
the flight velocity, and the Jet veloclty must be known.

e e e —————— e ——— e~ SUNUEpIER -~ —
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For an operating conditlion of known turbine-outlet tempera-
ture and engine speed, the gas flow through the engine and the
fuel flow are functions only of the compressor-inlet temperature
and pressure and may therefore be eveluated for any £flight con-
dition and inlet-diffuser performence.

The exhaust-Jet velocity is a funoction of the exhaust-nozzle-
inlet temperature, the pressurs ratio across the exhaust nozzle,
and the exhaust-nozzle efficiency., The exhaust-nozzle pressure
ratio P7/P0 can be obtalned fram the engine pressure ratio P7/Pl

and the diffuser pressure ratio Py/py as follows:
P7/Po = (Pl/Po) (P7/Pl) (CZ)

The diffuser pressure ratio can be found either from a knowledge
of the actual diffuser performance or calculated from an assumed
diffuser efficlency and flight velocity. The engine pressure ratio
is obtalined during the sea-level, zero Mach number runs either by
direct measurement or by calculation. The following expression
may be used to campute the engine pressure ratio from data
obtained at zero Mach number when thrust, air flow, fuel flow,
and turbine-outlet temperature are known:

<.

L=y

| I O A g F/5 2
,P7/P1 =t 1, 287R T /6 (Wa Ne/fs + Wp /V'e_/5> (03)

From the gas flow, fuel flow, Jet velocity, and flight velocity,
the net thrust produced by the turbojet engine may then be evalu-~
ated over a wide range of flight conditions by use of equation (Cl).

The curves of figure 2 are obtalned by cross-plotting the
turbojot~engine performance date presented 1n figure 8. In fig-
ure 8(a) the engine pressure ratio P7/P; calculated from egua-
tion (C3) for a constant exhaust-nozzle efficlency is shown as a
function of the inlet-temperature factor 6(7700/N)2 for various
values of exhaust-nozzle dismeter. The factor 6(7700/%)% is
proporiional to the reciprocal of the square of the more famillar
parameter N/Af@. The constant 7700 was introduced. to allow the
abacissa of flgure 8 to be read directly in terms of 6 for rated
speed. In figurds 8(b) and 8(c), the engine gas flow (WS/B)(N/WOO)
and fuel flow (Wp/5)(7700/N), respectively, are presented as func-
tions of 6(7700/8)2 for various values of exhaust-nozzle diameter.

1285
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The constant 7700 was introduced to obtain W,/ and Wp/b
directly fram figures 8(b) and 8(c), respectifely, for rated
engine speed. The gas-flow factor (Wg/s (N/7700$ is somewhat
In error because 1% assumes that alir flow and fuel flow are cor-
rected in the same manner; however, fuel flow is a small part of
the total gas flow and the gas-flow factor is sufficiently accu-
rate for most purposes. ’

.In figure 8(d), the reciprocal of turbine-outlet tempera-
ture 9(1660/17) 1s shown as a function of inlet-temperature

factor ©(7700/8)2 for various exhaust-nozzle diameters. The
factor 1660, turbine-outlet temperature for operation at rated
speed, was Included to allow the ordimate of figure 8(d) to be
read directly in terms of 6. For all conditlons of engine oper-
ation, the value of 6 on the abscissa must be equal to the valus
of € on the ordinate. For operation at rated engine speed and
turbine-outlet temperature, the factor (T,/1660)(7700/¥)2 must
be ¢qual to 1. In order to represent engine operation at other
than design speed or turbine-outlet temperature, curves for values
of the factor (T7/1660)(7700/4)2 of 0.9 and 1.1 are also
included. The curves presented in figure 2 are obtained by oross-
plotting the curves of figures 8(a) to 8(c) with figure 8(d).

The data presented in figures 2 and 8 are for a typical 4000-pound
thrust axial-flow engine; the same method of generalized perform-
ance anglysis, however, can be applied to any engine for which sea-
level, zero Mach number data for operation with various exhaust-
nozzle areas are avallable. .
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Engine pressure ratio, Pp/Pq
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(a) Engine pressure ratio,
Figure 2., - Pumping characteristics of turbojet engine.
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Total-gas-flow factor, (Wg/8)(N/7700), 1b/sec

NACA- TN 2105
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Inlet-temperature factor, ©(7700/N)2
(b} Total gas flow.
Figure 2. ~ Continued. Pumping characteristics of turbojet engine.
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Puel-flow factor, (We/8)(7700/N), 1b/sec
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(¢) Fuel flow,
Figure 2. - Concluded. Pumping characteristics of turbojet engine,
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Inlet-diffuser temperature ratio, 9/00

=
.

o +5 1.0 2,0
Flight ¥ach number, Iy

(b) Temperature ratioe

Figure 3. - Inlet-diffuser performance.
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